Aeration devices are introduced along chute spillways and at bottom outlets to prevent cavitation damage in high velocity flows. Bottom aerators are characterised by large quantities of air entrained along the jet interfaces but also by a strong de-aeration process near the impact of the water jet with the spillway bottom.
Introduction
On chute spillways and bottom outlets, cavitation damage may occur at clear water velocities of between 12 to 15 m/s. The damaging effects of cavitation erosion may be reduced or stopped by : 1-decreasing the critical cavitation number (e.g. removal of surface irregularities), 2-increasing the cavitation resistance of the material surface (e.g. use of steel fibre concrete), 3-using a combination of the first two methods (e.g. use of steel linings), 4-directing the cavitation bubble collapses away from the solid boundaries and 5-inducing CHANSON, H. (1994) . "Aeration and De-aeration at Bottom Aeration Devices on Spillways." Can. Jl of Civil. Eng., Vol. 21, No. 3, June, pp. 404-409 (ISSN 0315-1468). flow aeration. With velocities greater than 20 to 30 m/s, the tolerances of surface finish required to avoid cavitation are too severe (FALVEY 1990 ) and the cost of cavitation resistant materials is prohibitive. For these reasons, it becomes usual to protect the spillway surface from cavitation erosion by introducing air next to the spillway surface using aeration devices located on the spillway bottom and sometimes on the side-walls ( fig. 1 ).
Experiments performed by PETERKA (1953) and RUSSELL and SHEEHAN (1974) in Venturi test sections showed that 5 to 10% of air was required to protect concrete specimen of 10 to 20 MPa compressive strength.
On large chute spillways, field experiments performed by DENG (1988) , ZHOU and WANG (1988) and ZHANG (1991) indicated that 4 to 8% of air concentration next to the spillway floor prevented erosion for velocities up to 44 m/s.
In this paper, the mechanisms of flow aeration above an aerator are described. Then the de-aeration process occurring in the impact region is discussed and an analysis of air concentration data is presented. The results are later discussed and applied to downstream flow calculations.
Air entrainment at a bottom aeration device A small deflection in a chute structure (e.g. ramp, offset) tends to deflect the spillway flow away from the chute surface ( fig. 1 and 2 ). In the cavity formed below the nappe, a local subpressure (∆P) is produced by which air is sucked into the flow (Q air inlet ). The main flow regions above a bottom aerator are (CHANSON 1989a, KELLS and SMITH 1991) : 1-the approach flow region which characterises the initial nappe flow conditions, 2-the transition region which coincides with the length of the deflector, 3-the aeration region, 4-the impact point region and 5-the downstream flow region ( fig. 2) .
Flow aeration at an aerator
In the aeration region, air is entrained through both the upper and lower jet interface and by plunging jet entrainment at the intersection of the jet with the recirculating pool formed at the end of the cavity ( fig. 2) . CHANSON (1989a) showed the existence of an air recirculation process in the cavity below the jet. The continuity equation for air applied to the aeration region yields to :
where Q air max is the quantity of air entrained at the end of the jet (section 1, fig. 2 ), Q air upper is the net air entrainment at the upper free surface of the jet, Q air inlet is the air discharge supplied by the air supply system and (Q air ) o is the initial free-surface aeration at the end of the deflector. CHANSON, H. (1994) . "Aeration and De-aeration at Bottom Aeration Devices on Spillways." Can. Jl of Civil. Eng., Vol. 21, No. 3, June, pp. 404-409 (ISSN 0315-1468) .
The air discharge supplied by the air inlets Q air inlet and the cavity subpressure ∆P are deduced from the duct head losses and the air entraining capacity of the flow above the aerator 1 (LOW 1986 , RUTSCHMANN et al. 1986 ). These calculations fix the air discharge supplied by the inlets, the underpressure in the cavity beneath the jet and hence the jet trajectory. CHANSON (1991) analysed the diffusion equation of air bubbles at the free surface and developed an analytical solution of the upper nappe entrainment as :
where K o = 0.1755, Q w is the water discharge, L is the distance from the end of the deflector, u r is the rise velocity of air bubbles subject to a negative pressure gradient (CHANSON 1989a (CHANSON ,1991 
De-aeration in the impact region
In the impact point region, the flow is subject to a rapid change of pressure distribution from a negative pressure gradient above the nappe to a maximum pressure gradient at the impact point ( fig. 3 ). The analysis of the experiments detailed in table 1 shows consistently a strong de-strong de-aeration process occurring in the impact region. (CHANSON 1989b).
1 The air entraining capacity of the flow above the aerator is called the air demand and is defined as the relationship between the air discharge supplied by the air inlets, the cavity subpressure and the flow characteristics. CHANSON, H. (1994) . "Aeration and De-aeration at Bottom Aeration Devices on Spillways." Can. Jl of Civil. Eng., Vol. 21, No. 3, June, pp. 404-409 (ISSN 0315-1468) .
The quantity of air escaping in this region is a function of the jet velocity at the impact V impact , the jet thickness at the impact d impact , the gravity, the angle of the water jet with the spillway floor at the impact (θ impact -α), the channel slope α and the quantity of air entrained at the end of the jet Q air max .
Dimensional analysis yields :
where Q air de-aeration is the detrainment in the impact region.
The angle of the jet with the spillway bottom can be deduced from jet trajectory calculations. Using the method of TAN (1984) , it can be estimated as :
[4a] tan(θ impact -α) = tanφ * 1 + 2 * (t r + t s ) * g * (cosα + P N ) (U w ) o 2 * (sinφ) 2 aerator with ramp
where φ is the ramp angle, t r is the ramp height, t s is the offset height, and P N = ∆P/(ρ w *g*d o ).
The author re-analysed air concentration data obtained by SHI et al. (1983) , CUI (1985) , LOW (1986) and CHANSON (1988) . Details of the experiments are reported in table 1. For these data, the de-aeration process is primarily a function of the angle of impact of the jet with the channel bottom (θ impact -α) and equation
[3] becomes :
where the angles θ impact and α, defined on figure 2, are in degrees. Equation [5] is compared with the experimental data on figure 5 where the impact angle (θ impact -α) is computed using equation [4] . It must be noted that, for the experiments of SHI et al. (1983) and CUI (1985) , the subpressure in the cavity beneath the nappe was deduced from the work of PAN et al. (1980) on the same spillway model.
The flow aeration at the end of the impact region (section 2, fig. 2 ) is then ( ) Q air max -Q air de-aeration and can be computed using equations [1] and [5] . The mean air concentration 2 at the end of the impact region C * is given by :
[6] C * = Q air max -Q air de-aeration Q w + Q air max -Q air de-aeration CHANSON, H. (1994) . "Aeration and De-aeration at Bottom Aeration Devices on Spillways." Can. Jl of Civil. Eng., Vol. 21, No. 3, June, pp. 404-409 (ISSN 0315-1468) .
In the impact region, high momentum losses occur (CHANSON 1989a) . The data of SHI et al. (1983 ), CUI (1985 , LOW (1986) and CHANSON (1988) suggest that the flow depth at the end of the impact region d * (i.e. section 2, fig. 2 ) may be estimated as
where θ impact and α are in degrees, and d impact is the jet thickness at the end of the jet (i.e. section 1, fig. 2 ; see also fig. 3 ). Equation [7] is compared with the experimental data on figure 6.
Discussion
Figures 4 and 5 show that up to 80% of the flow aeration taking place along the jet can be lost in the impact region. Figure 5 and equation [6] emphasise the correlation between the detrainment and the impact angle of the jet with the channel bed. As a consequence, designers should consider aerator geometries which minimise the impact angle : e.g. aerator with offset only or flat ramp, modification of the channel slope in the vicinity of the jet impact.
Further an appropriate choice of the aerator operating conditions can reduce the impact angle and hence the detrainment. For a given aerator geometry, jet trajectories for low cavity subpressures provide shallower impact angles. But the achievement of low cavity subpressures requires smoother and larger air vents that are generally more expensive.
Downstream flow region
In the downstream flow region, experimental data obtained on spillway models (SHI et al. 1983 , CUI 1985 , LOW 1986 , CHANSON 1988 show consistently that air bubbles are redistributed downstream of an aeration device as in self-aerated flows. Indeed the flow is gradually varied and there is a complete analogy between the flow downstream of an aerator and self-aerated flows (CHANSON 1989b , FALVEY 1990 , HAGER 1992 .
If the flow conditions at the end of the impact region (i.e. section 2, figure 2) are known (eq.
[6] and {7]), the flow characteristics at any point along the spillway can be computed using the same method as that developed by WOOD (1985) . Assuming a slow variation of the rate of air entrainment, a slow variation of the velocity with distance and a quasi-hydrostatic pressure gradient, the continuity equation for air and the energy equation provide two simultaneous equations in terms of the mean air concentration and the flow depth (CHANSON 1989b (CHANSON ,1993 . For the data of SHI et al. (1983 ), CUI (1985 , LOW (1986) and CHANSON (1988) , the start of the downstream region (i.e. section 2 on figure 2) is located approximately at 1.5*L jet from the end of the deflector, where L jet is the jet length. CHANSON, H. (1994) . "Aeration and De-aeration at Bottom Aeration Devices on Spillways." Can. Jl of Civil. Eng., Vol. 21, No. 3, June, pp. 404-409 (ISSN 0315-1468 ).
On figure 7, the computations were initialised using equations [4b], [6] and [7] . Other examples of applications were reported by CHANSON (1988 CHANSON ( ,1989b .
Conclusion
Aeration devices are designed to introduce artificially air above spillways. In the aeration region, large quantities of air are entrained along the air-water interfaces of the jet. But a strong de-aeration occurs near the impact of the nappe with the spillway bottom.
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